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ABSTRACT
We report on the discovery of WASP-12b, a new transiting extrasolar planet with Rpl =
1.79 ± 0.09RJ and Mpl = 1.41 ± 0.1MJ . The planet and host star properties were derived
from a Monte Carlo Markov Chain analysis of the transit photometry and radial velocity data.
Furthermore, by comparing the stellar spectrum with theoretical spectra and stellar evolution
models, we determined that the host star is a super-solar metallicity ([M/H]= 0.3+0.05
−0.15), late-F
(Teff = 6300
+200
−100 K) star which is evolving off the zero age main sequence. The planet has an
equilibrium temperature of Teq=2516 K caused by its very short period orbit (P = 1.09 days)
around the hot, 12th magnitude host star. WASP-12b has the largest radius of any transiting
planet yet detected. It is also the most heavily irradiated and the shortest period planet in the
literature.
Subject headings: stars: planetary systems – techniques: radial velocities – techniques: photometric
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1. Introduction
Transiting extra-solar planets have provided
tremendous information about the properties of
planets outside our Solar System. Since 2006, a
burst of new planet discoveries have been reported.
We are now beginning to see the variety of ex-
oplanets which exist in the Galaxy and to clas-
sify them based on their properties. Furthermore,
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due to the increasing number of planets being dis-
covered and due to the detailed, multi-wavelength
follow-up of a handful of very bright transiting sys-
tems (e.g. HD 209458, HD 189733), we are able
to provide strong observational tests of theoreti-
cal models of planet formation and evolution.
Exotic planets are particularly important be-
cause they push the boundaries of our theo-
retical understanding. HD 209458b, for exam-
ple, confounded theorists with its large radius
(Brown et al. 2001). Since its discovery, a class of
similar planets have been found suggesting these
highly-irradiated, low-density planets are not rare.
Here, we report on the discovery of a new extreme
transiting extra-solar planet with a short orbital
period, enlarged radius, and super-solar metallic-
ity host star.
In this paper, we first describe all the observa-
tions we obtained to detect and analyse the tran-
siting star-planet system (§2). We describe the
data analysis in §3 where we present the proper-
ties of the planet and its host star. Finally in §4,
we discuss the planet properties in the context of
current theoretical understanding of planet forma-
tion.
2. Observations
2MASS J063032.79+294020.4 (hereafterWASP-
12) is a bright F9V star. It has been identified
in several northern sky catalogues which pro-
vide broad band optical (Zacharias et al. 2004)
and infra-red 2MASS magnitudes (Skrutskie et al.
2006) and proper motion information. Coordi-
nates and broad band magnitudes of the star are
given in Table 1.
2.1. SuperWASP Photometry
Time series photometry of WASP-12 was ob-
tained in the 2004 and 2006 seasons with the
SuperWASP-N camera located on La Palma, Ca-
nary Islands (Pollacco et al. 2006). In 2004, when
the target was first observed, only 820 photo-
metric measurements were obtained between 2004
August and 2004 September. However, the same
fields were observed again in 2006 after upgrades
to the telescope mount and instrument. Dur-
ing the 2006 season, the target was observed in
the field-of-view of two separate cameras, and
a total of 5573 photometric brightness measure-
ments were obtained between 2006 November and
2007 March. The data obtained in both sea-
sons were processed with a custom built data
reduction pipeline described in Pollacco et al.
(2006), and the resulting light curves were anal-
ysed using a modified box least-squares algorithm
(Collier Cameron et al. 2006; Kova´cs et al. 2002)
to search for the planetary transit signature.
The combined SuperWASP data showed a sig-
nificant periodic dip in brightness with a period,
P = 1.091 days, duration, τ ∼ 2.7 hours, and
depth, δ ∼ 14 mmag. The improvement in χ2 of
the box-shaped transit model over the flat light
curve was δχ2 = 719 and the signal-to-rednoise
(Pont et al. 2006) was SNred = 15.6. A total of
23 partial or full transits were captured by Super-
WASP.
There were no obvious objects blended with
WASP-12 in the SuperWASP aperture, and the
detected transit event was significant, therefore,
WASP-12 was classed as a high priority target
needing further study. In Figure 1, we show the
phase-folded light curve of the SuperWASP data,
adopting the ephemeris resulting from the box-
least squares analysis on the combined light curve.
2.2. Follow-up Multi-band Photometry
After identification as a high priority transit
candidate, follow-up photometry of WASP-12 was
obtained using two additional telescopes with high
spatial resolution ( < 1′′/pixel) compared to Su-
perWASP (13.7′′/pixel). We obtained observa-
tions of WASP-12 and the surrounding region dur-
ing the predicted time of transit to confirm that
there are no eclipsing binaries within an arcminute
of WASP-12 that may have caused of the transit
signal in the SuperWASP data. WASP-12 also ap-
pears to be a single star at the resolution provided
by these data. The closest companion is 9′′ from
the target and has a magnitude of V ∼ 18. En-
couraged by this, we then obtained complete B,
I, and z-band light curves of the transit. A de-
tailed description of the follow-up photometry is
described below.
2.2.1. Tenagra Telescope photometry
WASP-12 was observed using the fully robotic,
Tenagra II, 0.81m f/7 Ritchey-Chretien telescope
sited in Arizona, USA. The science camera con-
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Table 1: Stellar Parameters for WASP-12. The
broad band magnitudes are obtained from the NO-
MAD 1.0 catalogue. The stellar parameters are
derived from our spectral synthesis of observed
spectra of WASP-12 (see §3.1).
Parameter WASP-12
RA(J2000) 06:30:32.79
Dec(J2000) +29:40:20.4
B 12.11± 0.08
V 11.69± 0.08
I 11.03± 0.08
J 10.477± 0.021
H 10.228± 0.022
K 10.188± 0.020
Teff 6300
+200
−100 K
[M/H] 0.30+0.05
−0.15
log g 4.38± 0.10
v sin i < 2.2± 1.5 km/s
Fig. 1.— The SuperWASP discovery light curve
of WASP-12 phase-folded with a period, P =
1.09142 days and epoch, T0 = 2454476.2321.
tains a 1k×1k SITe CCD with a pixel scale of
0.87′′/pixel and a field of view of 14.8′ × 14.8′.
These photometric data were obtained as part of
an observing program sponsored by the Las Cum-
bres Observatory Global Telescope Network1. The
B-band transit of WASP-12 was created from 227
observations on two consecutive nights in March.
The I-band light curve consists of 639 flux mea-
surements taken over five non-photometric nights
in 2008 February and March.
Calibration frames obtained automatically ev-
ery twilight were used in processing the images
(bias subtraction and flat fielding) with the Su-
perWASP data reduction pipeline (Pollacco et al.
2006). Object detection and aperture photometry,
with a 7.5 pixel radius aperture, were performed
on all the stars in the frame using DAOPHOT
(Stetson 1987) run under IRAF2. The differen-
tial photometry was derived from seven, non-
variable comparison stars within the field which
had V< 14 magnitude and J-H colors similar to
the target star. For each of the filters, the fluxes
from the comparison stars were summed, and then
converted into a magnitude which was then sub-
tracted from the instrumental magnitude of the
target star. The resulting differential photometry
of the B-band light curve has an rms of ∼ 7 mmag.
The I-band transit was created from data ob-
tained in non-photometric conditions over five dif-
ferent visits to the star (some at high airmass).
These data were essential in confirming the tran-
sit and refining the ephemeris, but show signifi-
cant red noise systematics. Therefore, they were
unsuitable for defining accurate transit parame-
ters and were excluded when modelling the light
curve.
2.2.2. Liverpool Telescope photometry
A full transit was observed using RATCam
on the robotic 2m Liverpool Telescope (LT)
(Steele et al. 2004) on La Palma as part of the
Canarian Observatories International Time Pro-
gramme. A total of 614 images were taken in the
1www.lcogt.net
2IRAF is written and supported by the IRAF program-
ming group at the National Optical Astronomy Observa-
tories (NOAO) in Tucson, Arizona. NOAO is operated by
the Association of Universities for Research in Astronomy
(AURA), Inc. under cooperative agreement with the Na-
tional Science Foundation
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Sloan z’ band on the night of 18 February 2008.
We employed 2×2 binning (0.27′′/pixel) and used
a 10s exposure time for all observations. The
night was photometric, and the pointing was sta-
ble. The target star did not drift more than a few
pixels throughout the transit which allowed for
very accurate differential photometry.
The images were debiased, flat-fielded, and cor-
rected for fringing using the standard RATCAM
processing pipeline3. IRAF DAOPHOT was then
used to obtain aperture photometry of the target
and four, non-variable nearby comparison stars us-
ing a 15 pixel radius aperture. The comparison
stars were chosen primarily for brightness from
within the limited FOV (4.6′ × 4.6′) of the cam-
era and are not necessarily matched in color to
the target. The differential photometry was per-
formed in the same way as described above for the
Tenagra data, and the resulting out-of-eclipse light
curve has 2.5 mmag precision. The z-band and
B-band transit light curves obtained via follow-up
photometry are plotted in Figure 2.
2.3. SOPHIE Spectroscopy
High resolution spectroscopy of WASP-12 was
obtained between 2008 February 12–22 with the
SOPHIE spectrograph (Bouchy et al. 2006) on the
1.93m telescope at the Observatoire de Haute
Provence. We used the same observing pro-
gram and instrument set-up as for other Super-
WASP planets discovered in the northern hemi-
sphere (Pollacco et al. 2008; Christian et al. 2008;
West et al. 2008).
The weather was clear and reasonably stable
throughout the run, although there were some
fluctuations in seeing and transparency. There-
fore, we adopted exposure times of 900s and 1080s
depending on the transparency. This allowed us to
achieve a signal-to-noise (S/N) per resolution ele-
ment (at 5500A˚) of 30-45 in all the spectra. The
S/N values for all the spectra are listed in Ta-
ble 2. The spectra were processed in real time with
the SOPHIE instrument control and data reduc-
tion software, and the RV measurements were ob-
tained using a weighted cross-correlation method
(Baranne et al. 1996; Pepe et al. 2005). To do
this, we used a numerical mask constructed from
the solar spectrum atlas corresponding to a G2V
3see http://telescope.livjm.ac.uk/Info/TelInst/Inst/RATCam/
star.
The Moon was bright over most of the run thus
contaminating the spectra with scattered light.
We removed its velocity signature (according to
the procedure described in Pollacco et al. (2008))
from all the spectra. We then fit the result-
ing cross-correlation function from each spectrum
with a Gaussian to derive a value for the cen-
tral RV, the full width half maximum (10.15-10.30
km s−1), and the peak amplitude or Contrast
(28.60–29.44%). The uncertainties for all RV mea-
surements were derived using an empirical relation
applicable to SOPHIE spectra taken in the high
efficiency mode (West et al. 2008; Bouchy et al.
in prep).
In this way, we obtained 21 RV measurements
of WASP-12 over ten nights which have typical
uncertainties of ∼ 10 m s−1. The RV measure-
ment obtained from each spectrum is listed in Ta-
ble 2 along with the derived uncertainty. These
data have a standard deviation of 130 m s−1, sig-
nificantly greater than the individual uncertain-
ties, and they vary sinusoidally when folded on
the period derived from the transit photometry
(Figure 4).
Finally, any asymmetries in the line profiles
were explored by measuring the velocity span of
the line-bisector (Gray 1988) according to the
techique outlined in Queloz et al. (2001). These
measurements, also listed in Table 2, show no cor-
relation with radial velocity (Figure 3), therefore
it is unlikely that the observed RV variations are
caused by star spots on the stellar surface or by
blending with an eclipsing binary star in the sys-
tem or close to the line-of-sight.
Thus, we conclude that the observed RV varia-
tions are caused by the gravitational influence of
a planetary-mass object orbiting WASP-12. Fig-
ure 4 shows a plot of the RV measurements phase-
folded on the ephemeris given in Table 3 and over-
plotted with the best fitting model radial velocity
curve which is derived as described in the analysis
section (§3.2).
2.4. Additional Spectroscopy
The SOPHIE spectra were obtained in the high
efficiency (HE) mode which is known to suffer from
problems with corrections for the blaze shape. Ac-
cording to the data products website, a residual
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Fig. 2.— Differential z-band (top) and Tenagra
B-band (bottom) photometry of WASP-12 during
the transit. An offset has been added to the B-
band data for clarity. The data are phase-folded
with the ephemeris given in Table 3. Overplotted
are the best fit model transit light curves using the
formalism of Mandel & Agol (2002) applying the
limb darkening coeffs from Claret (2000, 2004).
Fig. 3.— Line-bisector velocity versus radial ve-
locity measured from all the observed SOPHIE
spectra. We adopt uncertainties of twice the radial
velocity uncertainty for all bisector measurements.
There is no correlation between these two param-
eters indicating the radial velocity variations are
not caused by stellar activity or line-of-sight bina-
rity.
Table 2: The radial velocity measurements of
WASP-12 obtained with SOPHIE spectrograph.
BJD Vr σRV S/N Bisector
km s−1 km s−1 km s−1
2454509.38633 18.9231 0.0088 44.3 0.015
2454509.53836 19.0845 0.0112 34.9 0.047
2454510.40255 18.8497 0.0102 38.0 0.046
2454511.29105 18.9394 0.0082 47.4 0.056
2454511.36791 18.9008 0.0090 43.0 0.047
2454511.40825 18.8582 0.0090 43.3 0.047
2454511.53661 18.8945 0.0108 36.1 0.005
2454512.28835 19.0648 0.0088 44.0 0.057
2454512.30278 19.0429 0.0084 45.6 0.031
2454512.31570 19.0298 0.0096 40.1 0.010
2454512.32867 19.0064 0.0090 42.7 0.033
2454512.34174 18.9973 0.0088 44.2 0.030
2454512.35470 18.9778 0.0086 45.2 0.036
2454512.40579 18.9176 0.0090 42.6 0.038
2454512.43225 18.9124 0.0088 44.4 0.047
2454512.44721 18.8936 0.0086 45.6 0.018
2454513.32972 19.0957 0.0128 29.7 0.079
2454514.30357 19.2105 0.0130 29.6 -0.001
2454515.27220 19.3213 0.0106 36.1 -0.018
2454516.40210 19.2961 0.0128 29.8 0.067
2454519.43071 19.1968 0.0088 44.3 0.038
Fig. 4.— The SOPHIE radial velocity curve of
WASP-12 phase-folded with the ephemeris given
in Table 3. The solid line is the best model curve
resulting from the orbital parameters of the system
derived from the MCMC analysis in §3.2. The
systemic RV value is shown by the dotted line.
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blaze effect remains in the reduced spectra at the
5% level4. These data provide exceptional radial
velocity precision, but they are not always suitable
for determining stellar parameters For example,
the effective temperature is strongly constrained
by the wings of the Hα line, and for hot stars
with broad Hα wings, the residual instrumental
features in the SOPHIE HE spectra lead to large
uncertainties on this parameter. Therefore, in ad-
dition to the 21 SOPHIE spectra which were used
primarily to measure the radial velocity signature
of the orbiting planet, several additional spectra of
WASP-12 were obtained and used in deriving in-
dependent measurements of the stellar parameters
of the host star. The additional spectroscopic ob-
servations are described below, and the derivation
of the stellar parameters from all available spectra
are described in §3.1.
2.4.1. Isaac Newton Telescope spectra
Two individual spectra of WASP-12 were ob-
tained on 2008 April 22 with the 2.5m Isaac New-
ton Telescope and Intermediate Dispersion Spec-
trograph (IDS). The longslit data were taken with
the H1800V grating using a 1.2′′ slit which resulted
in a resolution of (R ∼ 8000). A signal-to-noise of
> 50 was achieved in both individual spectra by
taking 900s exposures. The spectrum was centered
at 6500A˚ and covered the region from 6200–7000A˚,
thereby providing measurements of Hα, the Li I
doublet at 6708A˚ and many narrow metal lines.
Biases and lamp flats were obtained at the be-
ginning of the night and Neon-Copper-Argon arcs
were taken just before and just after the WASP-12
observations. The spectra were reduced in a stan-
dard way using the IRAF longslit package. We
then averaged the two individual spectra and con-
tinuum normalized the composite observation be-
fore fitting for the stellar parameters.
2.4.2. Telescopio Nazionale Galileo spectra
We observed the target again on 29 April
2008 using the high efficiency echelle spectro-
graph, SARG, mounted on the 3.58 m Telescopio
Nazionale Galileo (TNG) telescope. These data
were taken as part of the Canarian Observatories
International Time Programme. Three consecu-
tive 1800 second exposures were taken using the
4see http://www.obs-hp.fr/www/guide/sophie/data products.html
yellow filter and grism. The spectra were binned
2×1 in the spatial direction at the time of obser-
vation to reduce the readout time. A slit width of
0.8′′ was adopted which resulted in a spectral reso-
lution of R∼57000. Calibration images, including
bias frames, lamp flat-field frames, and Thorium-
Argon arcs, were taken at the beginning of the
night and used in processing the target spectra
with the reduce echelle data reduction pack-
age (Piskunov & Valenti 2002). Special care was
taken to provide an accurate flat-fielding of the
data. The three individual reduced spectra were
averaged on an order-by-order basis to produce a
final merged spectrum which was then used in the
determination of the stellar parameters described
in §3.1.
3. Analysis
3.1. Spectroscopic analysis
Three spectra of WASP-12 were derived from
observations with the SARG, SOPHIE, and IDS
spectrographs. Each independent spectrum was
compared with synthetic spectra to determine the
effective temperature Teff , gravity log g, metallic-
ity, [M/H], and projected stellar rotation v sin i
of WASP-12. Our spectral synthesis technique
closely follows the procedure of Valenti & Fischer
(2005) (hereafter VF05), and a detailed descrip-
tion can be found in Stempels et al. (2007).
Two additional parameters, microturbulence
and macroturbulence, are incorporated into the
spectral synthesis to characterise turbulent mixing
and convection in the upper layers of stellar atmo-
spheres (Gray 1988). Their chosen values affect
the derived stellar properties such that microtur-
bulence anti-correlates strongly with metallicity,
and macroturbulence affects the line broadening,
and therefore the v sin imeasurement. In our spec-
tral synthesis, we closely follow VF05, so that our
results can be compared directly with this exten-
sive spectroscopic analysis of planet-hosting stars.
For the microturbulence, we adopt their value of
vmic = 0.85 km s
−1, but we note that other em-
pirical studies of main sequence F-stars suggest
higher values for vmic (see Montalba´n & D’Antona
2007). For the macroturbulence, we use the em-
pirical linear relation with temperature provided
in VF05 to derive a value of vmac = 4.8 km s
−1.
However, larger values are not excluded for hot
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stars like WASP-12. This is due to the difficulty
in accurately measuring macroturbulence for early
type stars where rotational broadening typically
dominates the line widths. Furthermore, only 79
stars in the VF05 sample have Teff ≥ 6200 K, so
the empirical relation is not very well defined in
this regime.
We used the SARG data to derive our best
measurement of the parameters of the host star.
This spectrum is of high resolution and good qual-
ity with no known residual instrumental features.
Four spectral regions (shown in Figure 5) were se-
lected for the fit because they are particularly sen-
sitive to one or more of the parameters we aim to
derive. A simultaneous fit to these four regions of
the spectrum yielded a Teff = 6290 K, log g = 4.38,
and [M/H]=0.30. The line broadening was equiv-
alent to that of the spectral resolution, therefore
we were only able to derive an upper limit on the
rotational broadening of v sin i < 2.2 km s−1. This
is derived by subtracting (in quadrature) the esti-
mated value of macrotubulence (4.8 km s−1) from
the width of the smallest resolvable resolution el-
ement (5.3 km s−1 at R=57000). A comparison
of the observed and best fitting model spectrum
is shown in Figure 5, and the final stellar parame-
ters are listed in Table 1. We derive uncertainties
on these properties based on the range of values
measured from the additional analysis of the IDS
and SOPHIE data.
In the SOPHIE spectrum, we simultaneously
fit the same four spectral regions given above and
find Teff = 6175 K, log g = 4.36, and [M/H]=0.15.
We also measure a v sin i = 4.5 km s−1. Again,
we believe this value is only an upper limit. The
IDS spectrum spanned the region of Hα and sur-
rounding metal lines. In this region, there are no
strongly gravity-sensitive features, therefore, we
fixed the log g = 4.36, which was determined from
the SOPHIE observations, and solved for the stel-
lar temperature, Teff = 6495 K, and metallicity,
[M/H]= 0.16. The resolution was too low to mea-
sure v sin i.
In summary, we made three independent mea-
surements of the properties of WASP-12 by com-
paring spectroscopic observations of the star to
model spectra. In all three analyses, we find that
WASP-12 is a hot, slowly rotating, metal rich,
dwarf star. We adopt the results from the analy-
sis of the SARG spectrum as our final values for
the parameters of WASP-12 and the uncertainties
on the stellar parameters from the range of values
that were determined in the three different analy-
ses.
3.2. Deriving Planet and Host Star Pa-
rameters
The multi-band light curves and radial veloc-
ity curve of WASP-12 were analysed simultane-
ously in a Markov-chain Monte Carlo (MCMC)
based routine designed specifically to solve the
multivariate problem of transiting star-planet
systems. The routine is described in detail in
Collier Cameron et al. (2007) and Pollacco et al.
(2008). The results of the box-least squares anal-
ysis to the SuperWASP photometric data (de-
scribed in § 2.1) provide an initial estimate of
the light curve parameters. We also initially as-
sume an eccentricity of 0.02, a systemic RV equal
to the mean of the velocity data, and a velocity
amplitude derived by fitting a sinusoidal velocity
variation to the observed RVs by minimizing χ2.
To derive a first guess for the stellar mass, we
interpolate the super-solar metallicity (Z=0.03,
[M/H]=0.2), zero-age main sequence temperature-
mass relation from Girardi et al. (2000) at the
stellar temperature derived in the previous sec-
tion, Teff = 6300 K. We adopt a stellar mass of
1.28 M⊙ as the initial value for this parameter.
Via the MCMC approach, the routine repeat-
edly adopts trial parameters until it converges on
the set of values which produce the best model
velocity curve and model light curves. The model
light curves are generated from the analytic transit
formulas found in Mandel & Agol (2002) (adopt-
ing the small-planet approximation) and using
the limb darkening coefficients for the appropri-
ate photometric filters from Claret (2000, 2004).
The sum of the χ2 for all input data curves with
respect to the models is the statistic used to de-
termine goodness-of-fit. The routine also produces
1σ uncertainties on all the parameters.
3.2.1. Evolutionary Status of the Host Star
We ran the MCMC code initially using the Su-
perWASP light curve, the B and z-band follow up
photometry, and the SOPHIE radial velocity curve
as input data sets. We ran the code without im-
posing the main sequence prior on the overall χ2
7
Fig. 5.— Observed SARG spectrum (grey) overplotted by the best fitting theoretical model spectrum (solid
black line). The top panel shows the region around the Mg b triplet (5160-5190A˚), the second panel is the
region around the Na I D doublet (5850-5950A˚), the third panel shows the region from 6000-6210A˚ with a
large number of metal lines, and the bottom panel is the region around the Hα line (6520-6600A˚). These
regions are modelled simultaneously with spectral synthesis to derive the parameters of the host star. The
light grey regions of the spectrum are used to determine the continuum. Note, narrow telluric emission
features are present in second panel at the rest wavelength of the Na I doublet feature.
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statistic. This is not unreasonable for a late-F star
which, according to the theoretical models, has a
main sequence lifetime of . 1 Gyr. We then de-
termined the evolutionary status of the host star
using the results of this run to assess whether this
was a reasonable assumption.
First, we examined the lithium abundance in
WASP-12 as a possible age indicator. In the
SARG spectrum, there is no absorption detected
in the Li I line located at 6708A˚. The IDS spec-
trum shows a broad, very shallow absorption fea-
ture at this position, however due to the lack of
detection in the SARG spectrum, we suspect the
feature is due to noise or blending with other ab-
sorption lines (e.g. Fe I at 6707.44A˚). This lack of
Li is consistent with low levels found in old open
clusters, like M 67 (∼ 4 Gyr), for a 6300 K star
(Sestito & Randich 2005), however a precise age
determination cannot be derived for the star from
this observation.
Next, we compare the structure and temper-
ature of the star to the super-solar metallicity
stellar evolution models of Girardi et al. (2000)
to constrain the age. We use the [M/H]=0.2
(Z=0.03) tracks which are consistent with the
measured metallicity of WASP-12, given the un-
certainty on this parameter. Figure 6 shows a
modified Hertzprung-Russel diagram comparing
the host star to the theoretical mass tracks and
isochrones. Here, we plot the inverse cube root of
the stellar density, R∗/M
1/3
∗ , in solar units versus
the stellar temperature. We choose to compare the
data to the models in this parameter space since
the quantity, R∗/M
1/3
∗ , unlike R∗ or luminosity,
is purely observational and is measured directly
from the light curve. In addition, it is completely
independent of the temperature determined from
the spectrum.
The results of the initial MCMC run provided
a measurement of the mean stellar density. We
converted the density to R∗/M
1/3
∗ in solar units,
and generated the same property from the mass
and log g values in the models. We then inter-
polated in the R∗/M
1/3
∗ − Teff plane to determine
the mass and age for WASP-12. We interpolated
linearly along two consecutive mass tracks to gen-
erate an equal number of age points between the
zero-age main sequence and the coolest point at
the end of core hydrogen burning. We then inter-
polated between the mass tracks along equivalent
evolutionary points to find the mass and age from
the models that best match the stellar properties
derived from the MCMC code and the spectral
snythesis. According to these particular tracks,
the large value for R∗/M
1/3
∗ indicates the star has
evolved off the zero age main sequence, but has yet
to reach the shell hydrogen burning stage. It is in
a position in the diagram which give it a mass,
M∗ = 1.33 ± 0.05 M⊙ and an age of 2.0
+0.5
−0.8 Gyr.
To check the accuracy and precision of this result,
we compared the star to a second set of stellar
evolution models. When interpolating the Z=0.03
tracks by Yi et al. (2003), we find a similar result.
The position of the star in the R∗/M
1/3
∗ −Teff gives
an age of 2.4 Gyr and a mass of 1.38 M⊙.
We investigated using the rotation period of the
star which allows for constraining the age based on
the expected spin-down timescale. The slow rota-
tional period argues for an old age, however with
only an upper limit on the v sin i we are unable
derive an age estimate using the gyrochronology
technique (Barnes 2007).
The three age-dating techniques discussed all
suggest WASP-12 is several Gyr old, however the
stellar evolution models provide the only definitive
estimate of the age. Therefore we adopt a final age
for WASP-12 of τ = 2±1 Gyr. We have increased
the uncertainty to include the error in metallicity
and the systematics in the stellar evolution mod-
els.
3.2.2. Final Determination of Planet and Host
Star Parameters
After determining the evolutionary status of
the host star and estimating the stellar mass from
the evolutionary models, we ran the MCMC code
a second time. We did not impose the main
sequence mass-radius prior, since the star has
evolved off the zero age main sequence. Further-
more, we adopted an initial estimate for the stellar
mass of 1.33 M⊙ from the comparison to the the-
oretical tracks.
In addition, during the radial velocity observ-
ing run, we attempted to detect the Rossiter-
McLaughlin effect by taking six consecutive mea-
surements of the target during and just after the
expected transit. We see no evidence for this ef-
fect in the data which confirms a small v sin i for
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WASP-12, and is consistent with the upper limit
on the projected rotational velocity derived from
the spectral synthesis. We do not currently use
the in-transit radial velocity data to derive an in-
dependent measurement of v sin i, however we do
not wish for this sequence of observations, com-
prising 1/4 of our RV measurements, to bias the
fit to the system orbital parameters. A small, but
systematic zero-point offset in these data could af-
fect the final results. Therefore, we treated the six
data points taken in sequence on the same night as
a different dataset during the fitting which allows
them to have a slight zero-point offset compared
to all the other data points. The resulting zero
point offset is only 0.014 m s−1.
The results of the final fit to the light curve
and radial velocity curve using the SOPHIE ra-
dial velocity data, the SuperWASP photometry,
the Liverpool Telescope z-band, and the Tenagra
B-band data are given in Table 3 with their 1σ un-
certainties. The model light curves in each band
are overplotted on the phase-folded data in Fig-
ure 2, and the model radial velocity curve is shown
in Figure 4. In the analysis, we find that WASP-
12b is a low density planet (∼ 0.2ρJ) with a mass
approximately 40% larger than Jupiter in a 1 day
orbit around a hot, metal rich late-F star which is
evolving off the zero age main sequence.
We closely examined the most fundamental fit-
ted parameters (depth, width, and impact param-
eter) which are used to describe the shape of the
transit itself and find the model to be a good
match to the data. We do note that the impact pa-
rameter, b, which is determined by the shape of the
ingress and egress, is difficult to measure precisely
without exceptionally good photometry. Further-
more, this parameter strongly influences the stel-
lar radius and thus the planet radius through the
depth measurement. Since the impact parameter
has such a subtle effect on the light curve, but a
large effect on the resulting parameters, we cal-
culate an absolute lower limit on the planet ra-
dius by running the MCMC code with the impact
parameter fixed to zero (b=0 model). The b=0
model has a greater χ2 compared to the overall
best fitting model by 15, which is significant, but
the effect on the light curve is very subtle. How-
ever, when comparing the results of the b=0 model
to the overall best fit, we find a stellar radius of
R∗ b=0 = 1.46 R⊙ compared to R∗ = 1.57 R⊙ and
a planet radius of Rpl b=0 = 1.63 RJ compared to
Rpl = 1.79 RJ.
4. Discussion
WASP-12b is a unique transiting planet with
the most apparent feature being the very large
observed radius (1.79 RJ). The planet has a
mean density only 24% that of Jupiter, making
it a member of the growing class of transiting gas
giants which all have particularly large radii. Fig-
ure 7 shows the position of WASP-12b among the
other published transiting planets in the mass-
radius plane. The structure of these planets, in-
cluding HD 209458b and WASP-1b, cannot be ex-
plained through simple, isolated planet formation
models, and a great deal of recent theoretical work
has gone into determining the mechanism or mech-
anisms causing their large sizes. It is clear that
the external environment (stellar irradiation, tidal
forces), the internal properties (heavy element
abundance, clouds/hazes, day-night heat transfer,
core mass), and the evolutionary state (age) can
all affect a planet’s radius (Guillot & Showman
2002; Bodenheimer et al. 2003; Fortney et al.
2007; Burrows et al. 2007; Fortney et al. 2008;
Burrows et al. 2008a,b; Jackson et al. 2008).
WASP-12b is the most heavily irradiated planet
yet detected. With a host star luminosity,
L=3.48 L⊙, the planet experiences an incident flux
at its substellar point of FP=9.03×10
9 ergs cm−2 s−1.
which is twice the stellar flux experienced by
OGLE-TR-56b or OGLE-TR-132b, the next
most highly irradiated planets (Torres et al. 2004;
Burrows et al. 2007). This intense stellar ra-
diation results in an equilibrium temperature,
Teq=2516 ((1-A)/F)
0.25 K, where A is the frac-
tion of absorbed flux and F is the fraction of
the planet’s surface that emits at Teq . Although
Jupiter has an absorbing fraction, A= 0.28 (Taylor
1965), existing evidence suggests hot Jupiters have
much lower albedos. For example, high precision
optical photometry of HD 209458b gives an geo-
metric albedo of only 4% (Rowe et al. 2007).
It is clear from the detailed modelling of hot
Jupiters (Bodenheimer et al. 2003; Fortney et al.
2007; Burrows et al. 2007) that increased incident
stellar radiation will lead to an increase in the
planet radius by inhibiting its contraction. This
is a function of stellar mass and age, and less mas-
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Table 3: WASP-12 system parameters and 1σ error limits derived from the MCMC analysis.
Parameter Symbol Value Units
Transit epoch (BJD) T0 2454508.9761
+0.0002
−0.0002 days
Orbital period P 1.091423+0.000003
−0.000003 days
Planet/star area ratio (Rp/Rs)
2 0.0138+0.0002
−0.0002
Transit duration tT 0.122
+0.001
−0.001 days
Impact parameter b 0.36+0.05
−0.06 R∗
Stellar reflex velocity K1 0.226
+0.004
−0.004 km s
−1
Centre-of-mass velocity γ 19.0845+0.002
−0.002 km s
−1
Orbital semimajor axis a 0.0229+0.0008
−0.0008 AU
Orbital inclination I 83.1+1.4
−1.1 degrees
Orbital eccentricity e 0.049+0.015
−0.015
Longitude of periastron ω −74+13
−10 deg
Stellar mass M∗ 1.35
+0.14
−0.14 M⊙
Stellar radius R∗ 1.57
+0.07
−0.07 R⊙
Stellar surface gravity log g∗ 4.17
+0.03
−0.03 [cgs]
Stellar density ρ∗ 0.35
+0.03
−0.03 ρ⊙
Planet radius Rp 1.79
+0.09
−0.09 RJ
Planet mass Mp 1.41
+0.10
−0.10 MJ
Planetary surface gravity log gp 2.99
+0.03
−0.03 [cgs]
Planet density ρp 0.24
+0.03
−0.02 ρJ
Planet temperature (A = 0,F=1) Teq 2516
+36
−36 K
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Fig. 6.— R∗/M
1/3
∗ in solar units versus effec-
tive temperature. WASP-12 is the large solid cir-
cle. Evolutionary mass tracks (solid lines with
adjacent numbers labelling the mass of that line)
and isochrones (100 Myr (solid), 1 Gyr (dashed),
2.0 Gyr (dotted), 5.0 Gyr (dot-dashed) from
Girardi et al. (2000) for Z=0.03 are plotted for
comparison to the WASP-12 parameters.
Fig. 7.—Mass versus Radius of all transiting plan-
ets which have published masses and radii. The
data were obtained from the exoplanet encyclope-
dia (http://exoplanet.eu/). WASP-12b is the solid
black circle. Lines of constant planet density are
overplotted (dotted) in units of Jupiter density.
sive planets are more affected by the star’s ra-
diation in this regard. The extremely irradiated
case of the relatively massive WASP-12b planet
(Mp=1.41 MJ) at an age of ∼ 2 Gyr is out-
side the range of situations presented in these pa-
pers, however, Fortney et al. (2007) give a radius
of 1.248 RJ for an object similar to WASP-12b
(1 Gyr old, 1.46 MJ), but at a distance of 0.02 AU
from a solar luminosity star. In the context of
the models, the incident radiation from WASP-
12 would be equivalent to putting this simulated
planet at a distance of ∼ 0.01 AU from a solar lu-
minosity star. Despite WASP-12b being more in-
tensely irradiated than the simulated planet of the
same age and mass, it is difficult to see how stel-
lar irradiation alone could result in the observed
radius of Rpl = 1.79 RJ (or even the absolute min-
imum radius of Rplb=0 = 1.63 RJ ) in a planet as
massive as WASP-12b.
Burrows et al. (2007) show how enhancing the
atmospheric opacities of extrasolar planets also
results in increased radii by maintaining the
heat and entropy stored in the cores over longer
timescales. In their model, metallicity is used as a
proxy for atmospheric heavy element abundance
and thus opacity. Employing an abundance of
10× solar allows the authors to fit the radii of
the largest planets without adding any additional
internal heat sources. It is very likely that WASP-
12b has a super-solar atmospheric heavy element
abundance, given the super-solar metallicity of the
host star. Furthermore, according to the models of
Fortney et al. (2008), WASP-12b should be in the
class of highly irradiated, hot planets (pM class)
in which high-altitude molecular hazes of TiO and
VO (condensation temperature, T=1670 K) ab-
sorb strongly at optical wavelengths resulting in
larger radii. For WASP-12, measuring the pri-
mary and secondary eclipse depths as a function
of wavelength and obtaining precise out-of-eclipse
photometry will allow for investigating the pres-
ence of a high altitude absorbing population in
the planet’s atmosphere.
Although Burrows et al. (2007) do not calcu-
late a model specifically for WASP-12b, they are
able to reproduce a 1.30 RJ , 1.29 MJ , 2.5 Gyr old
planet (OGLE-TR-56b). It will be interesting to
see if a complete modelling of the extreme environ-
mental conditions of WASP-12b including stellar
irradiation, increased heavy element abundance,
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and high altitude hazes can produce a sufficiently
large planet radius to match the observed value.
If WASP-12b’s large radius cannot be explained
by increasing the atmospheric opacity or other at-
mospheric phenomena, an additional source of in-
ternal energy will be required to explain the ob-
servations. Dissipation of tidal energy is a pos-
sible contributor. The timescale for circulariza-
tion of the WASP-12b orbit is most likely very
short, but the best model fit to the observed ra-
dial velocity and light curves produces a non-zero
eccentricity of e = 0.049+0.015
−0.015. Using the formal-
ism for the circularization timescale taken origi-
nally from Goldreich & Soter (1966) and provided
in Bodenheimer et al. (2003), we find
τcirc = 3.2
QP
106
Myr
which is much shorter than the 2 Gyr age of
WASP-12, when QP the tidal dissipation constant
for the planet, is given the nominal value of 106.
The non-zero eccentricity detection is barely a
3σ result, however, if after further observations,
the detection persists, either the eccentricity must
be continuously pumped by an outer planet or
WASP12b’s tidal dissipation constant must be sig-
nificantly larger than the typically adopted value
(106). Since, the presence of an additional planet
should be detectable via long term radial velocity
monitoring, these two scenarios are distinguish-
able and thus this system might allow detailed
constraints to be placed on QP , an important,
but difficult to measure, parameter. Additionally,
if an second planet is causing a non-zero eccen-
tricity, the amount of internal tidal heating that
must be dissipated is of order 5×1028 10
6
QP
ergs s−1.
This is a large amount of energy (2 orders of
magnitude greater than what is calculated by
Bodenheimer et al. (2003) for HD 209458b) which
would have a significant effect on the radius of the
planet.
WASP-12b is the hottest and largest tran-
siting exoplanet yet detected. It has a mass,
Mpl=1.41 MJ , radius, Rpl=1.79 RJ , and equi-
librium planet temperature, Teq=2516 K. The
planet orbits a bright late-F star with a tem-
perature, Teff=6300 K and radius, R∗=1.57 R⊙.
The host star has significantly enhanced metallic-
ity over solar, is evolving off the zero age main
sequence, and has an age of ∼ 2 Gyr. Additional
follow-up observations of this exciting planet will
address some of the most pressing questions in ex-
oplanet research, in particular what mechanism or
mechanisms are causing the large observed radii
of some hot Jupiters and what effect does the stel-
lar irradition and stellar metallicity have on the
atmospheric and structural properties of close-in
gas giant planets.
The SuperWASP Consortium consists of as-
tronomers primarily from the Queen’s University
Belfast, St Andrews, Keele, Leicester, The Open
University, Isaac Newton Group La Palma and In-
stituto de Astrof´ısica de Canarias. The Super-
WASP Cameras were constructed and operated
with funds made available from Consortium Uni-
versities and the UK’s Science and Technology Fa-
cilities Council. SOPHIE observations have been
funded by the Optical Infrared Coordination Net-
work. The data from the Liverpool and NOT tele-
scopes was obtained under the auspices of the In-
ternational Time of the Canary Islands. We ex-
tend our thanks to the staff of the ING and OHP
for their continued support of SuperWASP-N and
SOPHIE instruments.
The radial velocity observations have been
funded by the Optical Infrared Coordination net-
work (OPTICON), a major international collabo-
ration supported by the Research Infrastructures
Programme of the European Commissions Sixth
Framework Programme.
This paper was based in part on observations
made with the Italian Telescopio Nazionale Galileo
(TNG) operated on the island of La Palma by
the Fundacin Galileo Galilei of the INAF (Istituto
Nazionale di Astrofisica) at the Spanish Observa-
torio del Roque de los Muchachos of the Instituto
de Astrofisica de Canarias
The Liverpool Telescope is operated on the is-
land of La Palma by Liverpool John Moores Uni-
versity in the Spanish Observatorio del Roque de
los Muchachos of the Instituto de Astrofisica de
Canarias with financial support from the UK Sci-
ence and Technology Facilities Council.
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